Andic soils have unique morphological, physical and chemical properties that induce 14 both considerable soil fertility and great vulnerability to land degradation. Moreover 15 they are the most striking mineral soils in terms of large organic C storage and long C 16 residence time; this is especially related to the presence of poorly crystalline clay 17 minerals and metal-humus complexes. Recognition of these soils is then very important. 18
1.
Introduction 1 Soils having andic features (allophanic and non-allophanic) are known to have a unique 2 set of soil morphological, physical and chemical properties. Between them (i) high 3 porosity (bulk density generally < 0.90 g cm -3 ), (ii) friable structure, (iii) high water 4 retention capacity, (iv) large reserves of easily weatherable minerals, (v) high 5 susceptibility to liquefaction, etc. Moreover, between all mineral soils, those with andic 6 features have the largest C storage capacity and long C residence time (Post, 1983; 7 Batjes, 1996; Amundson, 2001) , which can be ascribed to the presence of poorly 8 crystalline clay minerals (Basile-Doelsch et al., 2005) and fungal and arthropodal SOM 9 (Nierop et al., 2005) , but also to the specific physical and chemical properties that make 10 these soils some of the world's most fertile (Leamy, 1984; Shoji et al., 1993; McDaniel 11 et al., 2005) . Despite these characteristics associated to C storage, andic features are 12 simply not considered in global carbon balance estimates (e.g. IPCC, 2006; Luo et al., 13 2015) ; in fact in these estimates -in the best of cases -the contribution of soils (Parton 14 et al., 1987 ) is limited to organic C and soil texture parameters ignoring both other 15 important chemical and physical properties and the occurrence of well-known analytical 16 artefact in using texture data on soils difficult to disperse such as those having andic or 17 oxic features (Bartoli et al., 1991) . 18
This lack of acknowledgment of andic soils is becoming more important considering 19 that in recent years soils with andic features have been found, along with well 20 established volcanic landscapes (Shoji et al., 1993; Arnalds & Stahr, 2004; Lulli, 2007) , 21 in many "non-volcanic" mountain ecosystems (NVME) throughout the world (e.g. 22 Baumler et al., 2005; Dümig et al., 2008; Iamarino & Terribile, 2008; Scarciglia et al., 23 2008; Graham & O'Geen, 2009; Rasmussen et al., 2010; McDaniel & Hipple, 2010; 24 Solid Earth Discuss., https://doi.org/10.5194/se-2017-57 Manuscript under review for journal Solid Earth Discussion started: 9 August 2017 c Author(s) 2017. CC BY 4.0 License.
extracted with ammonium oxalate were used to calculate the andic feature index 23
Al o +0.5Fe o . Phosphate retention was determined according to the method of Blakemore. 24
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In order to simplify the comparison between soils features and land use or NDVI 1 metrics it was necessary to aggregate chemical data obtaining a single representative 2 value for the whole soil; then the contents of Al o +0.5 Fe o , P retention and organic 3 carbon were weighted according to horizon thickness for each of the pedons. Soils were 4 classified using the World Reference Base (IUSS Working Group WRB, 2015) . 5
With respect to hydrological analysis, ten experimental points of the soil water retention 6 curve (h), ranging from saturation to -30 kPa of potential, were determined through use 7 of the tension table and 5 points at -100, -500, -800, -1200 and -1500 kPa were 8 determined through use of a pressure plate apparatus (Dane and Hopmans, 2002) . The 9 soil samples were then dismantled and dried for 24 h in the oven at 105°C in order to 10 determine the water content from the weight data set and the bulk density. 11
The water retention experimental data were parameterised according to the unimodal 12 (h) relationship proposed by van Genuchten (1980) , expressed here in terms of the 13 scaled water content, Se, as Equation (1) below: 14
with S e =(- r )/( 0 - r ), and in which  (cm -1 ) and n are curve shape parameters.  0 and  r 15 respectively represent the saturated water content (at h=0) and the residual water 16 content, and may either be fixed or treated as parameters to be optimized. 17
To obtain a synthetic description of water retention for an easy comparison with soil 18 chemical analysis, we used a numeric index (IRI) integrating the whole water retention 19 function . 20
The Integral Retention Index, IRI, is defined by: 21 
4.
Results and Discussion 6
Soil and landscape 7
The outcome results of our procedure in terms of soil analysis and WRB soil 8 classification (IUSS Working Group, 2015) show that Andosol and Cambisol alone 9 account for more than 80 % of the observations and, most interestingly, despite 10 differences in soil classification, in the vast majority of cases (about two-thirds) there is 11 a quite high content of poorly ordered clay minerals as estimated by Al o +0.5Fe o % as 12 given in Figure 2 (moderate and well expressed andicity). Iamarino and Terribile (2008) 13 have reported further details (data reported as horizon-based means) on 42 of these 14 pedons proving the general absence of podsolization and depicting a scenario where 15 andosoliation is the main soil process. 16
In Table 1 as compared to 2014 and this NDVI green-up difference is even more pronounced 10 moving towards the most andic soils (Andosols). All the above clearly suggest that soils 11 with andic features -typically having higher water storage as compared to other soils -12 enabled to produce an higher green-up. Here we must also add that further analysis 13 would be required to evaluate at each site trends in soil water storage and temperature 14 before the green-up phase. 15
In Table 2 Spain (Estevez et al., 2010) and also in Italy (Iamarino & Terribile, 2008; Scarciglia et 10 al., 2008; Vingiani et al., 2014) . 11 12
Andic features and soil hydrology 13
Given the finding on the importance of andic soils (albeit not Andosols) in Italian non-14 volcanic uplands, the question is raised as to whether such andic features are also 15 connected to those physical properties considered of key importance for plant growth, 16 namely bulk density and water retention due to their crucial role in water availability. In 17 order to address this issue, a selection of undisturbed soil samples, from horizons A and 18 B, of the previously investigated soils were analysed. The data (in Table 3 improving the soil structure (Kutilek and Nielsen, 1994) and therefore increasing water 1 retention and decreasing bulk density. 2
The positive high correlation (Figure 3) between Al o +0.5Fe o (%) and IRI indicates that 3 higher andic features correspond to higher integrated water retention, hence very good 4 soil physical properties. This result is already established but only 5 for soils having Al o +0.5Fe o (%) larger than 2% while there are no positive evidence for 6 soils having much lower Al o +0.5Fe o content (e.g. in the range 0.4-2.0%). All the above, 7 emphasises that poorly ordered clay minerals greatly affect soil physical properties even 8 at moderate to low concentration, which in turn could greatly affect water storage and 9 then water availability for plant ecosystem growth. 10 Such finding is important because it does not refer to soils in a unique location but 11 rather to a large variety of soils developed at different latitude and over different 12 bedrocks and land uses. 13 14
Andic features and elevation against NDVI metrics 15
To investigate this question further, bivariate correlation (Table 4) These results show that beech and grassland are the best performing to show the 3 ecological importance of andic features; furthermore, the data producing this high 4 correlation are spanned along a high range of Al o +0.5Fe o % values (see Figure 4 ). This 5 performance could be explained considering that i) beech and grassland are more 6 spatially homogeneous land uses as compared to oak broadleaves (e.g. oak land use is 7 more heterogeneous being a potential mixture of very different species sometime even 8 including grassland); (ii) beech and grassland land uses are less affected by strong land 9 management practices as compared to chestnut (in fact in the Italian landscape it is often 10 managed as coppice); (iii) moreover it is well known that beech is very susceptible to 11 severe water stress (Teissier et al., 1981) . 12
All the above can could well explain the more responsive NDVI signal of beech and 13 grassland to water stress as compared to oak broadleaves and chestnut. Then here we can state that for the first time it has been demonstrated the ecological 8 importance of soils with andic features over different land use canopies with respect to a 9 large part of Italian mountains; most probably this finding has to be connected to the 10 unique hydropedological properties of these soils. In fact, this result is especially 11 evident in the driest years (2003, 2005) while is less important in the wettest 2014 year 12 thus it is rather evident that the water storage of these soils may play a key controlling 13 role. 14 Our findings are also important to better acknowledge the occurrence and the 15 importance of these soils in C sequestration/storage estimates. Indeed, deep andic soils 16 (as reported in this study) have about twice (Batjes, 1996) the mean organic C content 17 of deep Regosols, Cambisols and Podzols which previous soil inventories (Mancini, 18 1966; EuDASM, 2007) Moreover the acknowledge of the importance of these soils may also have important 3 consequences in terms of both soil protection in mountain environment (andic soil are 4 known to be easily erodible) and for better understanding the impact of climate change. 5
To this respect this study suggest that the unique water retention features of the andic 6 soils plays an important ecological role when comparing contrasting climatic years. 7
The above result are maybe even more pronounced considering that the current study 8 employed a rather simplified NDVI approach including data at coarse resolution 9 (MODIS) and no algorithm to mitigate the well-known saturation effect of NDVI 10 (Buschmann and Nagel,1993) . Thus it is likely that in future, better focused studies, 11 may demonstrate even better and closer relationships between andic soils and green 12 biomass indicators. 13
Generally our results indicate the large potential in using remote sensed vegetation 14 index metrics to ameliorate soil spatial inventories. A question still arises as to whether 15 the general absence of strong significant correlation between andic features with both 16 "NDVI max" and "integrated NDVI sum" may be caused by the quoted NDVI 17 saturation effect. 18
Considering our results, it is also important to emphasise that the importance of andic 19 features in affecting ecosystem function is undoubtedly poorly expressed by soil 20 classification: in fact strict classification rules dealing with how/where to expect "andic 21
properties" (WRB: starting within 25 cm from the soil surface; Soil Taxonomy proper implementation of these new data in terms of C balance calculation, reducing 5 uncertainties in carbon sequestration estimates and carbon sink national ecosystems 6 inventory, is indeed a major issue to be addressed. 7
Moreover, the given wide recognition of andic soils has important consequences both in 8 terms of C sequestration potentialities and C lost risks associated to this finding. 9 Suitable land management techniques are then required to match the exclusive 10 properties and problems connected to the presence of these soils. 11
Considering the many recent finds of "andic" soils worldwide, it is of great importance 12 to ascertain whether a wider occurrence of this hidden resource apply also to mountain 13 environments in other parts of the world. 14 Finally, we must emphasise that this study -focused on only 35 points over the Italian 15 landscape -is the methodological basis for producing statement at the national scale 16 where, accordingly, much more data are indeed required. n. Abbr. n.: number of observations, WC: volumetric water content, IRI: integrated water retention index. The symbol ± after the mean value shows the standard deviation. The table reports for soil horizons A and B mean bulk density, water retention at two different values of pF (0 and 4.2) corresponding to the pressure head of -0.1 and -1500 kPa, respectively, and the integrated retention index (IRI) which coalesces the water retention curve in a single value (Basile et al., 2006) . 
